Solution-processed hybrid solar cells, a blend of conjugated polymers and semiconducting nanocrystals, are a promising candidate for next-generation energy-conversion devices. The renaissance of this field in recent years has yielded a much deeper understanding of optoelectronic interactions in organicinorganic hybrid systems. In this article, we review the state-of-the-art progress in hybrid bulk heterojunction solar cells, covering new materials design, interfacial interaction, and processing control.
Introduction
Global warming and fossil fuel depletion are driving humans to explore green and renewable energy sources. Among others, solar energy is recognized as a secure and sustainable energy that can reduce carbon emissions. Although the current solar cell market is dominated by inorganic photovoltaic (PV) cells, emerging technologies, such as dye-sensitized solar cells 1 and organic solar cells, [2] [3] [4] have also attracted increasing attention. Compared with their inorganic counterparts, organic PVs (OPVs) have some unique advantages. For example, organic materials are usually solution-processable. Therefore, low-cost manufacturing methods, e.g. inkjet printing and roll-to-roll deposition, can be employed. In addition, organic materials have high absorption coefficients so that a layer of a few hundred nanometers can absorb all the light at their peak absorption wavelengths. As a result, OPVs could potentially provide electricity at a lower cost than inorganic PVs.
Photon absorption in organic materials produces strongly bound excitons, rather than free charges in inorganic materials. Therefore, a driving force is needed in OPV devices to split excitons into free charge carriers. This driving force is provided by the energetic offset between two materials in the bulk heterojunction (BHJ) structure, where the donor and acceptor materials are intimately mixed together. 3, 4 Currently, there are three types of polymer-based BHJ OPVs intensively investigated in the research community, including polymer:fullerene blends, polymer:polymer blends, and polymer:nanocrystal blends. Since the rst demonstration of a successful polymer:fullerene device in 1995, 4 such devices have consistently shown the highest efficiency among all BHJ OPVs, with the recently reported PCE approaching 10%. 5 The commonly used fullerenes are soluble [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) and [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 70 BM). The disadvantage of polymer:fullerene devices is that the fullerene absorption is poor in the solar spectrum range. 6 In this regard, the polymer:polymer combination offers potential advantages over the polymer:fullerene blends in that the bandgap of the polymer is easily tuned, and hence it is possible to design a device covering a wider solar spectrum. However, limited by geminate pair separation, 7, 8 the efficiency of the polymer:polymer device is relatively low, with the highest reported PCE of around 2%.
In addition to the tunable bandgap, solution-processable nanocrystals (NCs) have further advantages like large dielectric constants and tunability of the NC shape. As we will discuss in detail later, the higher dielectric constant of inorganic NCs (e.g. $10.4 for CdSe compared with $3.9 for PCBM) 10 decreases the coulombic attraction between electrons and holes, facilitating charge separation. The tunability of the NC shape could further promote charge transport. As a result, NCs are supposed to be an ideal component for BHJ OPVs. The rst polymer:NC hybrid solar cell was demonstrated in 1996 by Greenham et al., who used CdSe nanodots as the acceptor and MEH-PPV as the donor (see Fig. 1 for chemical structures of the polymers mentioned in this article). 11 The power conversion efficiency (PCE) of their device was low, which was attributed to poor charge transport through CdSe nanodots. Aerwards, much effort has been devoted to improving the charge transport by tuning the NC shape as well as controlling the nanomorphology. [12] [13] [14] [15] [16] This engineering work resulted in steady improvement in the device efficiency, with PCE reaching 2.6% in 2006. 17 In 2010 Dayal et al. used a low bandgap polymer (PCPDTBT) as the donor, and achieved an efficiency over 3%. 18 See Table 1 for a selection of hybrid PV performance based on CdSe NCs.
Before 2009, few hybrid solar cells based on NCs other than CdSe could show efficiencies over 2%. It seemed that CdSe was the only option for efficient hybrid PVs. However, there has been a 'quantum leap' in recent years for these NCs, with several of them demonstrating efficiencies around 3% (see Table 2 for a selection of hybrid PV performance based on NCs other than CdSe). [19] [20] [21] In 2011, using P3HT and CdS NCs, Ren et al. reported a high efficiency of 4.1%, which is currently the record efficiency for hybrid PVs. 16 Motivated by these recent developments, we believe that it is helpful to reconsider the strengths and limitations of hybrid PVs, aiming for further improvement of the device performance.
This article starts with a brief introduction of NCs and fundamental processes involved in the operation of a BHJ device. This is followed by the efforts that the hybrid PV research community has made to improve the device performance. We highlight the factors that limit the device efficiency as well as the strategies to overcome these limiting factors. We focus on the hybrid PVs where colloidal NCs are blended with conjugated polymers. The other types of hybrid PVs where rigid nanoporous or nanorod structures are lled with a polymer have been recently reviewed elsewhere.
22,23
2 Hybrid PVs
Nanocrystals
NCs have properties that are different from the bulk material, mainly due to quantum connement. The electron-hole pair (exciton) in a semiconductor is bound within a characteristic length, known as the Bohr radius, which is a material-dependent property. For example, the Bohr diameters are 10.6 nm for CdSe, 15 .0 nm for CdTe, and 40 nm for PbS. 24 When the size of a semiconductor NC is smaller than the Bohr diameter, the charge carriers in NCs are spatially conned. In this case, the energy of the charge carriers will be raised, and the properties change from the bulk regime to the quantum connement regime. In the quantum connement regime, the optical and electrical properties will be dependent on the NC size. These tunable properties of semiconductor NCs make them very interesting for optoelectronic applications. Feng Gao is a Marie Curie research fellow at the Department of Physics, Chemistry and Biology (IFM) at Linköping University (Sweden), working on organic electronics and bioelectronics. In his PhD work at the Cavendish Laboratory of the University of Cambridge (UK), he studied device physics of polymer-based solar cells. Before that, he obtained his BS and MS degrees in physics from Nanjing University (China).
NCs with different sizes and shapes can be synthesized in solution. The surfaces of the NCs are usually covered with organic ligands, which make the NCs solution-processable. With decreasing size, the number of surface atoms increases, which also affects the optical and electrical properties of NCs. The atoms on the NC surface are incompletely bonded with the crystal lattice, which disrupts the crystalline periodicity and leaves 'dangling orbitals' on the surface atoms. If the energy states of these unpassivated orbitals (the atomic orbitals formed by the incomplete bonding structure at the surface) 25 are within the NC bandgap, they can serve as charge traps, which increase the possibility of non-radiative decay. When the NCs are covered with organic ligands, these surface dangling bonds are passivated by bonding with ligands, hence minimizing the intra-bandgap defect states.
Photovoltaic processes in BHJ OPVs
A summary of the processes involved in the photovoltaic effect is shown in Fig. 2 from a kinetic perspective, where photon absorption by the NC phase is neglected for clarity. (i) The absorption of the light generates excitons, which can (ii) thermally diffuse into the donor-acceptor interface. If the excitons fail to nd an interface within their lifetime, they will decay to the ground state. At the interface, (iii) fast exciton dissociation takes place by transferring the electron to the acceptor phase. Subsequently, with the help of the internal eld, (iv) the separated carriers are transported towards the electrodes, producing photocurrent. During their transport to the electrodes, the carriers might decay via non-geminate recombination, e.g. bimolecular recombination or trap-assisted recombination.
Exciton generation in hybrid PVs
2.3.1 Increase of photon absorption by using low bandgap NCs. In order to achieve a high efficiency, it is necessary for the solar cells to absorb a large fraction of the incoming light. As discussed in the Introduction, one of the advantages of polymer:NC blends over polymer:fullerene blends is that NCs absorb in the solar spectrum range, contributing to the photocurrent. In the work by Greenham et al., CdSe was employed as the acceptor.
11 Aerwards, many low bandgap NCs, like CdTe, PbSe, PbS, etc., were blended with polymers, making use of their better match with the solar spectrum.
26-28 See Scheme 1 for energy levels of various NCs as well as semiconducting polymers discussed in the article. The energy levels are taken from ref. [29] [30] [31] [32] [33] [34] [35] [36] . CdTe NCs have an absorption spectrum extending into the near infrared (NIR) range, making them more suitable for hybrid PVs in terms of exciton generation. However, the rst hybrid solar cell based on CdTe NCs showed a very low efficiency of 0.05%. 26 Subsequently, a series of hybrid PVs based on MEH-PPV and CdSe x Te 1Àx tetrapod NCs were investigated in detail, and it was found that the device performance decreased with increasing Te content. 37 Based on cyclic voltammetry measurements, the highest occupied molecular orbital (HOMO) level of CdTe NCs was determined to be À5.0 eV, which is higher than (or close to) that of the donor polymer, e.g. MEH-PPV or P3HT. Therefore, it was proposed that the poor efficiency was due to energy transfer between the polymer and CdTe NCs. However, there are other publications reporting low HOMO levels of À5.5 eV or even À5.8 eV for CdTe NCs. 19, 38 The discrepancy might be caused by different sizes and/or shapes of the samples in different measurements, as well as the fact that cyclic voltammetry is not an accurate method to determine the band position. If the CdTe HOMO level is as low as À5.5 eV, CdTe NCs might still be a good candidate as an acceptor material in hybrid PVs. Recently, Chou and co-workers reported a signicantly improved efficiency of 3.2% for CdTe-based hybrid solar cells, using a monoaniline-capped polymer as the donor. 19 This might indicate that energy transfer is not the main problem for the poor efficiency in previous studies.
Further extension of the absorption spectrum into the infrared regime could be achieved using PbSe or PbS NCs. Sargent and co-workers demonstrated hybrid PVs based on PbS and MEH-PPV. 27, 39 Unfortunately, the device efficiency was very low, showing no benet from the infrared absorption. Watt et al. employed a surfactant-free NC synthesis approach, where they synthesized PbS NCs directly in the MEH-PPV matrix, and obtained improved efficiency (0.7% under AM 1.5, 5 mW cm À2 illumination). 40 Ginger and co-workers used a new donoracceptor conjugated polymer (P1 in Fig. 1 ) as the donor in the PbS-based hybrid PVs, and obtained an efficiency of 0.5% under normal illumination conditions (AM 1.5, 100 mW cm
À2
). 41 More recently, by blending PbS NCs with a low bandgap polymer (P2 in Fig. 1 ), Prasad and co-workers signicantly improved the device efficiency to a high value of 3.78%.
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In spite of the improvement in PbS-based hybrid solar cells, the device engineering on PbSe-based hybrid PVs has been difficult, with a low power conversion efficiency of $0.1% to date. 28, [42] [43] [44] Ginger and co-workers used photoinduced absorption (PIA) spectroscopy to uncover the reason behind this poor efficiency. 45 PIA is a quasi-steady-state pump-probe technique, which is useful for detection of long-lived (>10 ms) excited states, such as polarons or triplet excitons. It measures the transmittance difference before and aer excitation. If the excitation results in long-lived species, which give rise to new sub-bandgap optical transitions, the absorption of these species will leave non-zero PIA signals in their absorption regime. Fig. 3 shows the PIA signal of P3HT:PbSe blends, together with those of P3HT:CdSe and P3HT:PCBM blends for comparison. The PIA spectra for blends of P3HT with CdSe and with PCBM showed a broad absorption from 1.0 to 2.1 eV, with a maximum at $1.25 eV. This agreed well with the polaronic absorption features of P3HT, 46 and hence indicated the generation of positive charges in P3HT for these two blends. In contrast, no characteristic P3HT polaronic feature was observed in the P3HT:PbSe case, indicating the absence of charge carrier generation, which explained the poor efficiency of polymer:PbSe blends. However, the absence of long-lived charge transfer in the PIA spectra does not necessarily mean that the device does not work. For example, Ginger and co-workers demonstrated a hybrid solar cell which exhibited photocurrent contribution from the absorption of both the polymer and quantum dot components in the absence of a typical spectral signature of polymer polarons. They proposed that the device worked as a quantum-dot Schottky diode sensitized by energy transfer from the polymer. 47 As a side note, although the efficiency of hybrid PVs based on PbSe is low, it has been demonstrated that Pb(Se,S) NC-based quantum dot solar cells show promising efficiency up to 7%. [48] [49] [50] [51] [52] [53] Interested readers are referred to a commentary by Sargent.
54
In addition to better absorption, using PbSe and PbS NCs in hybrid OPVs is also motivated by their potential for multiple exciton generation (MEG). MEG is based on utilizing hot carriers to generate one or more additional electron-hole pairs, which can be explained by impact ionization. Nozik proposed that MEG could be greatly enhanced in NCs compared to bulk semiconductors. 55 The formation of two or more excitons per absorbed photon for PbSe NCs was demonstrated by different groups using transient absorption measurements. [56] [57] [58] Recently, Nozik, Beard and co-workers demonstrated the photocurrent enhancement arising from MEG in PbSe quantum dots-based solar cells, as manifested by a peak external quantum efficiency (EQE) exceeding 100%. 59 However, the contribution of MEG to the hybrid solar cell efficiency is not conrmed yet, although it was claimed that MEG was observed in MEH-PPV:PbSe devices with an EQE up to 150% at negative biases.
42
Another compelling concept for hybrid solar cells with low bandgap NCs is singlet exciton ssion. 60, 61 Singlet exciton ssion is a well-established process in organic semiconductors by which a singlet exciton splits to form two triplet excitons on a nearby molecule. 62 Singlet exciton ssion could potentially overcome the inherently detrimental thermalization losses associated with the high energy exciton of organic semiconductors and the low energy exciton of low bandgap NCs. Pentacene is an attractive material for single exciton ssion, 63 because its low relaxed triplet exciton energy is less than half of the singlet energy, making the ssion process exothermic. 60 Greenham and co-workers fabricated hybrid solar cells made of pentacene and PbS NCs, harvesting both triplet excitons created by singlet exciton ssion in pentacene and low-energy excitons absorbed by PbS NCs (see Fig. 4 for the device structure and 
energy diagram).
60, 61 The application of singlet exciton ssion in hybrid solar cells might help to achieve quantum efficiencies over 100%.
There are also reports trying to use other low bandgap NCs as the acceptor materials, e.g. Si, 29, 64 GaAs, 68 etc. Some of them have demonstrated efficiencies approaching 3%, worthy of further investigation.
Wide bandgap NCs as acceptor materials.
Although low bandgap NCs could potentially increase the absorption, and hence the photocurrent of the device, they usually sacrice the open-circuit voltage, which is related to the difference between the donor HOMO and acceptor LUMO (lowest unoccupied molecular orbital). In addition, as discussed in the previous section, high HOMO levels of the low bandgap NCs might result in energy transfer between the polymer and the NCs, which could be detrimental to the device performance. Based on this reasoning, some NCs with relatively wide bandgaps, e.g. CdS, ZnO, TiO 2 , etc. have also been explored as the acceptor materials in hybrid PVs.
In the work by Greenham et al., in addition to CdSe, CdS NCs were also considered as acceptor candidates. However, they found that the polymer photoluminescence (PL) was not completely quenched by CdS NCs, which might be caused by relatively large phase separation. They did not report the device performance using CdS NCs as the acceptor.
11 Cao and coworkers were able to overcome this phase separation problem by choosing a suitable solvent, and they observed signicant PL quenching of the polymer. 69 As a result, a reasonably high efficiency of 1.17% was achieved for the device based on MEH-PPV and CdS tetrapods. Liao et al. made use of the sulfur atoms along the backbone of P3HT as anchorage sites for CdS to nucleate and grow, and they synthesized CdS nanorods using P3HT as a molecular template. Their device showed an improved efficiency of 2.9%. 70 More recently, by carefully engineering the NC surface as well as the polymer morphology, Ren et al. reported a promising efficiency of 4.1% for devices based on P3HT and CdS nanodots.
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In spite of their even worse absorption ability than CdS, metal oxides have also attracted intensive interest, due to their low cost and non-toxicity. Janssen and co-workers demonstrated that MDMO-PPV:ZnO blends could give an efficiency of 1.6% under 71 mw cm À2 white light illumination. 71 A relatively low NC weight ratio (67%) was used in their experiments, as they noticed that a high concentration of ZnO NCs tended to aggregate in the device. This is because of the poor solubility of ZnO NCs in solvents that dissolve common semiconducting polymers. 72 In a subsequent study, they tried to add a surfactant to ZnO, and changed the NC shape and size, aiming at improving the device performance. However, the device efficiency remained at around 1.6%. 73 Even if MDMO-PPV was replaced by P3HT, which has higher hole mobility, no improvement in the device performance was obtained.
74 Later on, the same group employed a method to in situ generate ZnO NCs inside organic materials, 75 and obtained a record efficiency of 2.0% for ZnO-based hybrid PVs.
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In addition to ZnO, TiO 2 is also explored as the acceptor material in hybrid PVs, partially because of its success in dyesensitized solar cells.
1 Kwong et al. blended TiO 2 NCs with P3HT, where they optimized the solvent and obtained an efficiency of 0.42%. 77 In addition to this solvent optimization work, there has been a lot of other device engineering, including in situ generation of TiO 2 inside polymers, 78, 79 and optimization of the NC ligand, 80 etc. Recently, Chen, Su and co-workers replaced the insulating surfactant on the NC surface with a more conductive ligand, and increased the device efficiency to 1.7%. 81 In a subsequent study, they employed a dye to modify the NC surface, which further increased the PCE to 2.2%.
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Although these kinds of devices including dyes could possibly work as solid-state dye-sensitized solar cells, the authors claimed that their devices remained hybrid PVs based on the fact that no contribution from the dye was observed from the EQE spectra. Indeed, there are other TiO 2 -based solar cells showing obvious evidence to function as solid-state dyesensitized solar cells. [83] [84] [85] This is beyond the scope of this article, and interested readers are referred to a recent review for more discussions on this issue. There has also been considerable progress on the polymer side, aiming at harvesting more light. As mentioned before, the polymer used in the initial hybrid PV research was MEH-PPV, 11 which was later replaced by P3HT. 86 Although P3HT has a narrower bandgap than MEH-PPV, the improvement in terms of light absorption is quite limited. The device performance improvement from MEH-PPV:CdSe to P3HT:CdSe is largely due to the better hole transport ability of P3HT. A red polyuorene copolymer with a bandgap around 1.9 eV (P3 in Fig. 1 ) was also introduced to the hybrid PV research as a low bandgap polymer by Greenham's group. They blended it with CdSe tetrapods and obtained an efficiency of 2.4%. 87 Signicant improvement in light absorption benetted from the development of low bandgap polymers extending the absorption to the NIR regime. 88 Among others, PCPDTBT has been extensively explored as an efficient low bandgap donor in hybrid PVs. Dayal et al. fabricated a device containing PCPDTBT and CdSe tetrapods, which gave a certied efficiency of $3.1%, the record efficiency for hybrid solar cells at that time.
18 By optimizing the NC surface, Krüger and co-workers pushed this number to 3.4%, where they blended PCPDTBT with CdSe nanorods. 90 Xue and co-workers added a thin ZnO nanoparticle layer between the cathode and the active layer, which was a blend of PCPDTBT and CdSe nanodots, and they achieved a new record efficiency of 3.5%. 91 Note that the CdSe NCs used in Xue's work were nanodots, rather than elongated nanorods or tetrapods. We will have more discussions on this issue later. Regardless of the CdSe NC shape, since 2010 the record efficiency for CdSe-based hybrid PVs has been unexceptionally achieved using PCPDTBT as the donor, demonstrating the effectiveness of low bandgap polymers in absorbing more light. Actually, Krüger and co-workers performed a detailed comparison between P3HT:CdSe and PCPDTBT:CdSe blends, where CdSe was in the form of nanodots. 89 As shown in Fig. 5a , PCPDTBT extends the absorption to 900 nm, absorbing more light than P3HT. This absorption enhancement is clearly observed in the blend lm absorption spectra (Fig. 5b) , and contributes to the photocurrent (Fig. 5c ). As a result, PCPDTBT:CdSe devices demonstrated improved efficiency (2.7%) compared with P3HT:CdSe (2.1%), due to the increase of short-circuit current (Fig. 5d) .
2.3.4 Harvesting more light by managing the device architecture. From the previous section, we can see that low bandgap polymers indeed help to capture more light. However, the thickness of normal OPV devices is limited to around 100 nm in order to guarantee good charge transport. Although organic materials have a high absorption coefficient, 100 nm is not enough to absorb all the photons in their absorption regime. In addition, in a complete device, optical electric elds are tuned by the optical interference between the incident and back-reected light. As a result, the light intensity is zero at the cathode for a normal device, and a large fraction of the active layer absorbs little light.
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These problems could be partially solved by optical engineering. For example, Xue and co-workers attached a transparent hemispherical polymer microlens array (MLA) to the light incident surface of the device (see Fig. 6a for the scanning electron micrograph image of the MLA). 93 As shown in Fig. 6b , with this array, light striking a microlens will be refracted into the active layer due to the curved shape of the microlens, which increases the optical path length of the device. In addition, light reecting off one microlens could strike a neighboring one and contribute to the absorption, which reduces light reection losses. With the MLA, they demonstrated that the device efficiency of PCPDTBT:CdSe blends could be increased by $30%.
93
In addition, this MLA optical approach is not limited to hybrid PVs, and could also be applied to other polymer solar cells. The same group also employed an optical spacer to increase the optical absorption in the device.
94 Fig. 6c and 6d show a comparison of the calculated optical proles between devices without ( Fig. 6c) and with ( Fig. 6d ) an optical spacer (a layer of ZnO lm). 91 The inclusion of a ZnO layer results in optimized optical electric eld distribution in the active layer, with signicantly enhanced light absorption in the NIR regime. They fabricated devices and demonstrated that the optical spacer improved the short-circuit current, and hence the device efficiency, by nearly 30%. In addition to this optical contribution, this layer of ZnO might also work as an effective hole-blocking layer and an exciton dissociation site in the device, which collectively gave rise to this 30% improvement. In addition, considering the fact that organic materials usually absorb light within a limited regime, two or more cells with complementary absorption regimes can be stacked together to maximize light absorption. The device with this structure is termed as a tandem cell, and has attracted much attention in polymer:fullerene blends. 95, 96 However, few reports on the tandem structure exist for hybrid PVs. Recently, Krebs and co-workers demonstrated a tandem cell based on polymer:ZnO blends.
97 By using thermocleavable polymer materials, they successfully solved the solubility problem during deposition of subsequent layers in the stack, and extended the device absorption over a wide regime. Although the efficiency of their device was low, this work successfully demonstrated the possibility of fabricating hybrid PV-based tandem solar cells entirely by solution processing.
Exciton diffusion and dissociation in hybrid PVs
Upon photon absorption, strongly bound excitons are generated, with a binding energy around 0.4-0.5 eV. 98, 99 The excitons thermally diffuse into the BHJ interfaces, with a diffusion length around 5-15 nm and a lifetime on the order of nanoseconds, 100-105 aer which, they will recombine geminately. This means that donor and acceptor materials have to be well mixed to guarantee efficient exciton dissociation. However, a ne mixture will harm charge transport to the electrodes, increasing the opportunity for oppositely charged carriers to meet and recombine. As a result, a good balance has to be made to favor both charge separation and charge transport. We will discuss this morphology requirement in detail in Section 2.5.1.
Once excitons arrive at the interfaces, the electrons might be transferred to the acceptor. There are two requirements for this charge transfer process to happen. (1) Since charge transfer is a short-range interaction that takes place when there is strong wave-function overlap between the donor and acceptor materials, the polymer and NCs must be in close contact with each other; (2) an energetic offset between the donor and acceptor LUMOs should be guaranteed so that the singlet exciton binding energy is overcome by this charge transfer process. For polymer:fullerene and polymer:polymer blends, condition (1) is usually well satised, and only condition (2) needs to be taken care of. However, for polymer:NC blends, bulky ligands like oleic acid (OA) or trioctylphosphine oxide (TOPO), necessary for NC synthesis, create a barrier for electron transfer between the polymer and NCs (see Fig. 7 for chemical structures of the ligands mentioned in this article). As a result, condition (1) becomes a serious problem in hybrid PVs. Intensive engineering work, including ligand treatments, polymer modica-tion, and direct growth of NCs in polymers, has been devoted to the interface between polymers and NCs.
2.4.1 Ligand treatments (a) Pyridine treatment of long ligands. Greenham et al. noticed that long ligands used in the NC synthesis were harmful to the charge transfer process between polymers and NCs.
11 As a result, ligand exchange processes, where NCs covered with long synthesis ligands are treated with short ones, are needed to obtain good device performance. They investigated the PL quenching of MEH-PPV:NC blends, where either TOPO-coated or pyridine-treated NCs were used. With TOPO covered on the NC surface, no PL quenching was observed for MEH-PPV:CdS blends, indicating no electron transfer from MEH-PPV to CdS NCs. However, for the blends where the NC surface was treated with pyridine, there was signicant quenching of PL, implying efficient electron transfer from the polymer to NCs. Different from the CdS case, substantial PL quenching was observed when TOPO-coated CdSe NCs were used. As there was a good overlap between the MEH-PPV emission spectrum and the CdSe NC absorption spectrum, this PL quenching could be explained by Förster resonance energy transfer (FRET). The FRET mechanism is based on a dipole-dipole interaction, and can be observed with a donor-acceptor distance of several nanometers. 106 The PL quenching became enhanced aer the ligand exchange process, demonstrating charge transfer from MEH-PPV to CdSe NCs.
This experiment by Greenham et al. showed that it is necessary to replace long ligands with short ones to ensure effective charge transfer between polymers and NCs. In addition, it also demonstrated that effective PL quenching does not necessarily mean efficient charge transfer, as energy transfer could be another route for PL quenching. Since then, ligand exchange using pyridine has been routinely used for hybrid PV fabrication. Later on, it was further demonstrated that this pyridine treatment method could also be applied to hybrid PVs based on nanorods and tetrapods. 12, 13 In 2003, the Alivisatos group investigated the issue of ligands and PL in more detail using P3HT:CdSe blends. They found that excess pyridine could be removed by pumping the device under low pressure (<10 À6 mbar) and/or thermal annealing, due to the low boiling point of pyridine. 107 The device performance could be signi-cantly improved with the thermal annealing process.
As will be discussed later, pyridine treatment of NCs has been challenged recently, since devices based on NCs treated with other short ligands (like amines, thiols, or acids) have been reported to outperform those based on pyridine-treated NCs. However, more recently, Celik et al. demonstrated a high efficiency of 3.4%, where they used PCPDTBT and pyridine-treated CdSe nanorods. 90 The key for this high efficiency was that the NCs were carefully washed in polar and non-polar solvents before ligand exchange. Based on transmission electron microscopy (TEM) and time-of-ight mass spectrometry measurements, they proposed that the washing process removed weakly bound bulky ligands and made the ligand exchange process more efficient.
(b) Amine treatment of long ligands. In 2005, Sargent and coworkers treated PbS NCs with octylamine, and blended NCs with MEH-PPV. 39 Although the device efficiency was low, there was signicant improvement compared with devices fabricated from OA-coated NCs, demonstrating the effectiveness of amine treatment. Later on, Carter and co-workers thoroughly investigated P3HT:CdSe blends with different short ligands on the NC surface, including tributylamine, butylamine, and pyridine. 108 Their comparison concluded that devices based on butylamine-treated CdSe NCs gave the highest efficiency. Butylamine was also proved to be an effective surfactant for PbS NCs, with polymer:PbS blends demonstrating an efficiency of over 0.5%.
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In addition to these direct treatments of long ligands with short amines, Prasad and co-workers developed an indirect method to reach the aim.
109 They replaced the bulky synthesis ligand with tert-butyl N-(2-mercaptoethyl)carbamate, which has a tert-butoxycarbonyl (tBOC) group. The tBOC group releases isobutene and carbon dioxide during thermal annealing, leaving cysteamine around the NC surface. Although the device fabricated from this indirect method did not show improvement in PCE compared with direct treatment, the authors suggested that this method led to facile multilayer fabrication, which was useful for tandem cells.
(c) Thiol treatment of long ligands. The development of colloidal quantum dot solar cells has benetted a lot from thiol treatment, where a layer-by-layer (LBL) dip-coating process was employed for ligand exchange. 110, 111 The reason for using this LBL process was that NCs easily got aggregated when thioltreatment was performed in solution.
Although the LBL process for ligand exchange has not been used to fabricate hybrid PVs, alternative approaches have been successfully employed to make use of thiols for hybrid PVs. For example, in 2008, Cao and co-workers managed to treat TiO 2 NCs with thiophenol. They demonstrated that thiophenoltreated NCs quenched polymer PL more efficiently due to enhanced charge transfer. 80 As a result, devices based on thiophenol-treated NCs showed improved performance compared with those treated with other ligands. Wu and Zhang managed to perform thiol treatment using a vapor annealing method.
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They spin-coated blends of P3HT and pyridine-treated CdSe NCs, aer which the substrate was le for vapor annealing using benzene-1,3-dithiol at 120 C. They employed nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FT-IR) experiments to prove that benzene-1,3-dithiol diffused into the blend lm and replaced some of the original ligands during the vapor annealing process. As a result, the short-circuit current and power conversion efficiency improved by $70% compared with the control device which was not vapor-annealed. This vapor annealing method was borrowed by Chou and co-workers. 19 Combined with polymer and device structure engineering, they achieved a record efficiency of 3.2% for CdTe-based hybrid PVs. Alternatively, Prasad and coworkers employed a post-ligand exchange method to replace OA ligands with 1,2-ethanedithiol (EDT).
20 They spin-coated blends of PDTPBT and OA-coated PbS NCs, aer which EDT solution in acetonitrile was spin-coated on the blend lm to exchange OA. With a layer of TiO 2 NCs as the hole-blocking layer beneath the cathode, their device exhibited a high efficiency of 3.78%, signicantly improved compared with previous PbS-based hybrid PVs.
41 Almost published at the same time as Prasad's paper, Ren et al. reported a high efficiency of 4.1% for hybrid PVs based on P3HT and CdS NCs, which were also treated with EDT. 16 The P3HT:CdS blend lm, where CdS NCs were already treated with butylamine, was dipped in EDT solution in acetonitrile for 30 s and then le for solvent annealing overnight. The EDT-treated device showed $70% improvement in device efficiency compared with the non-treated one.
More recently, Brutchey and co-workers demonstrated that tert-butylthiol-treated CdSe NCs could easily be dissolved in tetramethylurea at concentrations up to 100 mg ml À1 . They blended P3HT with tert-butylthiol-treated CdSe nanodots and obtained an efficiency of 1.9% without any thermal annealing process. 113 They emphasized that the thiol provides stronger binding with CdSe NCs compared with an amine or pyridine. 113, 114 As a result, the ligand exchange efficiency using thiol is higher, thereby improving charge transfer. In addition, they also found that the LUMO and HOMO levels of NCs changed with different ligand treatments. The open-circuit voltage increased to 0.8 V due to a favorable band alignment between the P3HT HOMO and the CdSe LUMO in the tert-butylthioltreated case.
(d) Acid treatment of long ligands. The bulky synthesis ligand on the NC surface could also be replaced by an acid. Similar to their approach for exchanging long ligands with thiol, 20 Prasad and co-workers used a post-chemical treatment to exchange long ligands with the acid. 115 The lm, spin-coated from a solution made of P3HT and OA-capped PbS NCs, was immersed into an acetic acid solution for 30 min for ligand exchange. They used PL decay to conrm that the charge transfer was enhanced for the acid-treated lm. As a result, this post-chemical treatment resulted in a signicant improvement of the device performance.
An alternative approach is to perform acid treatment before spin-coating, which was developed by Krüger and co-workers and proved to be a great success. 15 The CdSe NCs covered with a long synthesis ligand, hexadecylamine (HDA), were washed using hexanoic acid (HA). The authors proposed that this acid treatment process resulted in the formation of an organic salt, effectively removing the ligand HDA (see Fig. 8 ). The resulting organic salt was easily separated from the NCs by centrifugation. They blended P3HT with the acid-treated CdSe nanodots, and obtained a power conversion efficiency of 2%, which was the highest efficiency for devices based on CdSe nanodots at that time. 15 Later on, they found that this acid treatment method could also be applied to CdSe NCs covered with TOP/OA ligands. 89 This experiment demonstrated the generality of the acid treatment method. However, considering that it is difficult to gure out a reaction between TOP/OA and HA to remove the TOP/OA ligands, more experiments are needed to understand the exact mechanism of this promising acid treatment method. It might be possible that this acidtreatment method is a normal ligand-exchange process, rather than a chemical reaction.
In addition to these short insulating acid ligands, Chen, Su, and co-workers demonstrated that a conductive acid could also be used to enhance the charge transfer between the polymer and NCs. 81 They made devices using P3HT and TiO 2 nanorods, which were treated with anthracene-9-carboxylic acid (ACA). The ACA molecule consists of an anthracene moiety that is conductive, and has a strong binding energy with TiO 2 . From the PL lifetime measurement, the authors found that the blends based on ACA-treated NCs showed shorter time than those based on pyridine-treated or OA-capped NCs, demonstrating enhanced charge transfer between P3HT and TiO 2 NCs. Indeed, with ACA treatment, the device showed much improved performance.
Later on, the same group further extended this idea, and they used dyes which contained acid groups as the ligand molecules (N3-dye, see Fig. 7 for the chemical structure). 82 The employment of dyes in their experiments made the devices function similar to solid state dye-sensitized solar cells, where dyes absorb light and transfer charges to charge-conducting materials. However, the authors claimed that the dyes in their experiments served to help charge transfer (rather than absorb light), which was supported by the fact that there was no contribution from the dye absorption regime in the EQE spectrum. They used PL quenching and PL decay experiments to demonstrate that the N3-dye helped in enhancing charge transfer, and hence increased the photocurrent. In addition, they also showed that these 3D bulky dye ligands could help in slowing down back recombination, which 'increased both the open-circuit voltage and the photocurrent. (e) Ligand treatment efficiency. An interesting result raised in the above mentioned Krüger's paper is that NMR experiments revealed the presence of the synthesis ligand HDA aer acid treatment. 15 Unfortunately, they did not further explore the effect of the residual HDA ligand on their device performance, possibly due to the difficulty to quantify the amount of remaining ligand. Anyhow, this information triggered a fundamental question: what is the efficiency of these ligand treatment methods?
As early as the 1990s, Alivisatos' group and Bawendi's group proved that the ligand exchange of TOPO with pyridine was not complete. 116, 117 Using NMR and thermal gravimetric analysis, Bawendi and co-workers demonstrated that aer ligand exchange, around 90% of the NC surface was covered with ligands, 10-15% of which was the long synthesis ligand TOPO. 117 Considering that only 30% of the NC surface was covered with TOPO before ligand exchange, the ligand exchange efficiency was around 60%. In addition, this value is expected to change with the size and shape of NCs. 116 Holt et al. investigated ligand exchange efficiency by employing FT-IR techniques, and they found that an amine, thiol or acid was not able to completely replace TOPO.
118 There are also other reports which provided evidence for incomplete exchange of OA using pyridine or an amine.
119,120 Therefore, it seems that most short ligands cannot completely replace the long synthesis ligands during the ligand exchange process.
By collaborating with Krüger's group, Meerholz and coworkers further conrmed that ligand treatment is incomplete using a physical method. 121 Different from previous approaches, where experiments were performed on pure NCs, their experiments were performed on polymer:NC blends aer thermal annealing, making their results more relevant to nal devices. They employed spectroscopic ellipsometry and transmission intensity data to determine the volume ratios between polymers and NCs in polymer:NC blends, where an effective medium approximation based on single-component lms was applied. As shown in Fig. 9 , the volume ratios (V polymer /V NC ) in both blends (P3HT with either pyridine-treated or acid-treated CdSe nanodots) were signicantly smaller than in the ideal case, where no ligands were assumed on the NC surface. This result implied that there were ligands remaining on the NC surface. These ligands increased the NC volume, and hence decreased the volume ratio between the polymer and NCs. Based on some reasonable assumptions on the blend congurations, they further calculated that the ligand layer thickness was $0.9 nm for pyridine-treated NCs and $0.6 nm for acid-treated ones. The calculated organic layers were thicker than the molecular size of pyridine or HA, which conrmed that the ligand treatment was not complete.
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Considering incomplete ligand exchange, it might be benecial to have a thorough investigation of the effect of different ligands (including pyridine, amine, thiol, and acid) on the charge transfer process between the polymer and NCs. Different ligands have different binding affinities with NCs, and hence different abilities to replace the original bulky ligands, which affect the charge transfer process. In addition, different ligands might bring or remove different amounts of trap sites, which will affect charge transport and charge recombination (Section 2.5.3). It is desirable to pick up a few ligands which best suit charge transfer and charge transport processes.
Polymer engineering.
In the previous section, we discussed the efforts searching for short or conductive ligands to increase the intimacy between polymers and NCs. Another method to reach this aim is to engineer polymers. The basic idea is to add a functional group (e.g. acid, ester, amino, aniline, or thiol) to the polymer so that these functional groups replace part of ligands on the NC surface (see Fig. 10 for chemical structures of functionalized polymers and oligomers discussed in this article). In addition to enhancing charge transfer between the polymer and NCs, this approach could also help NCs to disperse uniformly in the polymer matrix.
In 2003, Alivisatos, Fréchet, and co-workers added phosphonic acid binding groups to oligothiophenes (O1 in Fig. 10 ), which were then used as ligands for CdSe NCs.
122 They demonstrated that the oligomers with ve or more thiophene rings underwent charge transfer with CdSe NCs. Although they did not measure the photovoltaic effect of these oligothiophene:CdSe complexes, they proposed that these complexes could work as solar cells by themselves. In addition, they also proposed that that these modied oligothiophenes could be used as a third component in a polymer:NC blend to enhance electronic coupling between polymers and NCs. Indeed, one year later, Locklin et al. employed a similar strategy and added phosphonic acid binding groups to conjugated oligothiophene dendrons (O2 in Fig. 10 ).
123 They demonstrated that these dendron:NC complexes worked as solar cells on their own, with 0.29% power conversion efficiency under 0.14 mW cm À2 illumination. The other idea proposed by Alivisatos to use these modied oligomers as a third component to mediate the interaction between polymers and NCs was also realized recently. Chen, Su, and co-workers synthesized a bromineterminated thiophene oligomer (O3 in Fig. 10 ), which was used to enhance electronic coupling between P3HT and TiO 2 NCs. Improved device performance was observed for P3HT:TiO 2 blends with this third component. Alivisatos and co-workers also employed this strategy in polymers. They added amino groups to polythiophene (P5 in Fig. 10 ) to increase the miscibility between polymers and NCs.
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When blended with CdSe NCs, the modied polythiophene showed improved performance compared with the control polymer. Based on TEM images, they believed that the performance improvement was due to enhanced intimacy and improved morphology. Janssen and co-workers conrmed this intimacy induced by the polymer functional groups using electron tomography. 126 Electron tomography makes it possible to reconstruct the 3D networks of the active layer, providing critical morphological parameters that are valuable for improving the device performance.
127 They added ester groups to polythiophene (P6 in Fig. 10 ) as the donor and used ZnO NCs as the acceptor. Using electron tomography, they could visualize the effect of the ester groups on the intermixing of the two materials in 3D. As shown in Fig. 11 , the images clearly conrm that ZnO NCs disperse much better in P6 than in the control polymer, P3HT. Their photo-induced absorption experiments revealed that this intimacy enhanced charge transfer, and hence charge generation for the P6:NC blends. Recently, this functional group approach was also used to fabricate highly efficient CdTe-based hybrid OPVs, where aniline groups on the polymer (P7 in Fig. 10 ) served as a strong anchor to attach to CdTe NCs.
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These functional groups were also used to fabricate hybrid OPVs made of single nanowires by Yang, Fréchet, and coworkers (see Fig. 12 for device structure).
128 End-functionalized oligo-or poly-thiophene (O4 and P8 in Fig. 10 ) was graed onto ZnO nanowires. This single core-shell nanowire (ZnO core and thiophene shell) demonstrated photovoltaic behavior, indicating efficient charge generation and transport.
2.4.3 Avoiding ligand issues -in situ NC formation. As discussed in the previous two sections, ligands, necessary to stabilize NCs in solution, require much engineering and understanding to minimize their detrimental effects on the device performance. In this sense, a ligand-free approach to fabricate hybrid PVs might be helpful. NCs could be in situ prepared from annealing a solution which contains a conjugated polymer and precursor materials for NCs. Alternatively, NCs could also be in situ synthesized using the polymer as a template before lm deposition. For both cases, no ligand is needed.
The in situ NC formation approach was initiated by Janssen's group. 78 They prepared blends of MDMO-PPV and a titanium precursor. The titanium precursor formed TiO 2 within the polymer matrix via hydrolysis in air. The authors conrmed charge transfer from the polymer to TiO 2 using PIA experiments. The devices demonstrated photovoltaic response, with a peak EQE around 11%. By optimizing the ratio between the polymer and TiO 2 , they improved the power conversion efficiency to $0.2%. 79 The relatively low efficiency of the device was limited by the amorphous nature of TiO 2 . Although crystallization of TiO 2 could be achieved by annealing the lm at temperatures over 350 C, high temperatures will destroy the polymer. To overcome this problem, they switched to the ZnO precursor, considering that ZnO could crystallize at low temperatures. By annealing a solution containing MDMO-PPV and a ZnO precursor at 110 C, they obtained devices with a PCE of over 1%, which was improved compared to the TiO 2 case.
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However, Blom and co-workers noticed that MDMO-PPV degraded in the presence of a TiO 2 precursor (diethylzinc).
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Based on UV-vis spectroscopy and charge-transport studies, they proposed that trans vinyl bonds in the PPV backbone broke and converted to a non-conjugated species, which limited the device performance. They avoided this degradation by using P3HT, which does not contain vinyl moieties and is more stable than MDMO-PPV. The devices based on P3HT showed a power conversion efficiency of 1.4%, higher than the MDMO-PPV case. By optimizing the active layer thickness, Janssen and co-workers further improved the efficiency to 2%, which is the record efficiency for ZnO-based hybrid PVs currently. 76 Aided by electron tomography, they identied that the relatively poor efficiency of thin devices was related to low charge carrier generation as well as exciton quenching at the electrodes. For thicker devices, the device performance was improved as a result of favorable phase separation, although increasing thickness resulted in difficulties to collect charge carriers.
In addition to metal oxides, in situ formation was also successfully employed to prepare metal chalcogenides. The growth of lead chalcogenide in a polymer matrix was rst reported by Watt et al. 130, 131 Although the photovoltaic effect was not measured in their initial reports, they used PL quenching experiments to demonstrate charge transfer between polymers and NCs. In a following study, they reported a power conversion efficiency of 0.7% for devices based on PbS NCs synthesized in MEH-PPV. 40 A considerable improvement in device efficiency was made by Liao et al., who made use of the P3HT chain as a template to synthesize CdS nanorods and obtained a PCE of 2.9% (see Fig. 13 for the synthesis mechanism). 70 The aspect ratio of CdS nanorods could be controlled by varying the cosolvent ratio during synthesis. Their results also demonstrated enhanced PL quenching and improved performance with increasing NC aspect ratio.
Note that there is difference between the synthesis method used by Watt or Liao and that by Janssen or Blom. For the former, the NCs were already formed before spin-coating the lm, while for the latter, NCs were formed by decomposition of the precursor during and aer the deposition process. In principle, the latter method is more convenient because it does not require a NC synthesis process before lm deposition. Recently, Haque and co-workers reported P3HT:CdS devices fabricated from thermal decomposition of a cadmium xanthate precursor in a P3HT lm. 132 The key point in this work was that only volatile decomposition products were produced so that no byproducts were le in the nal device. Using transient absorption, they demonstrated that their lms exhibited the generation of long-lived charges, indicating efficient charge transfer. The PCE of the initial device was 0.72%, which was increased to 2.17% by optimizing the thermal annealing temperature of the composite lm.
133 They also applied this method to the fabrication of polymer:CuInS 2 devices, and obtained a high efficiency of 2.8%, 21 which is much improved compared with the previous work based on CuInS 2 NCs. 67 
Charge transport and collection
Aer exciton dissociation, holes are le on the donor phase and electrons are transferred to the acceptor phase. For polymer:fullerene and polymer:polymer blends, due to weak screening of the electric eld, a strong coulombic attraction still exists for these electron-hole pairs (known as charge-transfer states). 134 The charge-transfer states could decay geminately, being a loss to the photocurrent. However, this geminate decay of charge-transfer states is less likely to occur for hybrid PVs, considering the large dielectric constant of inorganic NCs. In other words, the electron and hole dissociated from an exciton are relatively free from each other. Indeed, recent transient absorption measurements indicated that polarons barely decayed between 1 and 100 ns for devices based on P3HT and CdSe nanodots. 135 This means that geminate loss is not a dominant loss mechanism for hybrid PVs.
These free charges have to be transported to the electrodes, so that they can contribute to the photocurrent. Ideally, a highway is needed for electrons and holes to their respective electrodes. However, in a BHJ structure, it is difficult to guarantee such a percolation path. As a result, the charge transport to the electrodes could be severely hindered by parameters like morphology, mobility, and traps, which have to be optimized.
2.5.1 Morphology optimization. Due to the complex morphology of the BHJ structure, free electrons and holes could meet each other on their way to the electrodes, and recombine. This recombination between two free oppositely charged carriers is termed as bimolecular recombination. Actually, for the sake of charge transport, to 'large phases are favorable. However, as discussed before, small phases are needed to make sure that excitons can reach an interface to dissociate within the diffusion length. As a result, the morphology has to be optimized so that the balance between charge separation and charge transport can be achieved. Although we discuss the morphology in this 'Charge transport and collection' section, we have to stress that morphology is of the same importance to exciton dissociation. The morphology of hybrid PVs could be affected by many different factors, including the solvent, 126 etc. Alivisatos and co-workers have shown that the solvent had a signicant effect on the lm morphology, and hence the device efficiency.
107 A two solvent mixture approach, where one was a good solvent for NCs and the other was a good solvent for the polymer, was used to control the morphology down to the nanometer scale. As shown in Fig. 14a , by optimizing the volume ratio between chloroform (a good solvent for the polymer) and pyridine (a good solvent for NCs), they could increase the EQE value by a factor of 1.4. They further demonstrated that this optimized volume ratio was dependent on the shape and size of NCs, as a result of different non-passivated Cd surface sites on different samples. In addition to the ratio between mixed solvents, Sun, Greenham, and co-workers demonstrated that choosing an appropriate solvent for the polymer was also crucial for the lm morphology.
136 They investigated the effect of different solvents on the performance of devices based on MDMO-PPV and CdSe tetrapods. As shown in Fig. 14b , they found that a high boiling point solvent (1,2,4-trichlorobenzene) resulted in much improved efficiency compared with a low boiling point solvent (chloroform). They proposed that slow evaporation of the high boiling point solvent gave rise to favorable phase separation between the polymer and NCs, which was benecial to charge transport.
Janssen and co-workers employed electron tomography to investigate the effect of thickness on the lm morphology, where ZnO NCs were in situ formed in the P3HT matrix. 76 The authors found considerable difference between lms with different thicknesses. The thin lm showed very large polymer domains, with the domain size signicantly larger than the exciton diffusion length. With increasing lm thickness, they observed ner phase separation between the donor and the acceptor. As we said before, large phase separation benets charge transport while small phase separation benets exciton dissociation. This experiment by Janssen's group demonstrated that a balance had to be reached between these two processes in order to maximize the device performance. They found that the optimized thickness for their device was $225 nm, above which the disadvantage of transporting charge carriers outweighed the advantage of generating more charges. As discussed in Section 2.4.2, the same group also used electron tomography to investigate the effect of polymer functional groups on the lm morphology (see Fig. 11 ).
126 Consistent with this thicknessdependence work, although polymer functional groups enhanced the intimacy between the polymer and NCs, and hence improved exciton dissociation, this intimacy was detrimental for thick devices as it hindered charge transport.
2.5.2 Mobility optimization. In the seminal work by Greenham et al., it was pointed out that the charge mobility must be large enough so that the carriers could be removed from the device before they recombined at the interfaces between the donor and acceptor.
11 They noticed that at 40 wt% of NCs, the PL of the polymer was already quenched by a factor of 10, indicating that at least 90% of excitons dissociated at this ratio. However, the EQE value at 40 wt% of NCs was almost a factor of 10 smaller than that at 90 wt% of NCs. They attributed the device performance improvement between 40 and 90 wt% of NCs mainly to improved electron mobility. Since electrons are transported by a hopping mechanism between NCs, an increasing amount of NCs in the lm shortened the distance between NCs, and hence helped electron transport.
Inspired by this idea, much engineering work has been devoted to improving the transport between NCs. A signicant improvement was made by Alivisatos and co-workers, who replaced nanodots with nanorods and obtained a PCE of 1.7%.
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The idea behind it was that nanorods reduced the number of interparticle hops required, providing a direct path for electron transport. The authors demonstrated that the EQE value not only increased from nanodots to nanorods, but also increased with increasing nanorod length. It would be ideal if nanorods could stand perpendicular to the substrate so that the electrons could be collected by the electrode within only a few hops. However, cross-section TEM images revealed that nanorods tended to lie in the plane of the lm, rather than perpendicular to the lm. 12 Recently, Greenham and co-workers further conrmed this parallel alignment using electron tomography, where they could even quantify that around 80% of the nanorods were within 10 of parallel alignment. 138 They also identied that $10% of the nanorods could not nd their pathway to the electrode, serving as morphological traps for electrons.
Considering these disadvantages of the nanorods, tetrapods, whose shape made it impossible for them to lie in the plane of the lm, were explored as the acceptor. 13 Sun, Greenham, and co-workers demonstrated that the devices made with tetrapods showed improved performance compared with those made with nanorods, where MDMO-PPV was used as the donor.
13 Since then, the tetrapod shape has become the key for achieving high efficiency in hybrid PVs. 18, 19 A comparison between electron transport in NCs with different shapes is schematically illustrated in Fig. 15 . In addition, Alivisatos and co-workers tried an even more complex shape, i.e. a hyperbranched structure, aiming at further improving the charge transport.
14 Unfortunately, the devices made from this hyperbranched structure were limited by the fact that the polymer was not able to fully penetrate NC branches.
Although the strategy of using tetrapods proved to be successful in improving the device performance, recent literature indicated that it might be benecial to go back towards nanorods or even nanodots. It was demonstrated by two independent papers that a blend of nanodots and nanorods could help in improving charge transport over pure nanodots or nanorods. 140, 141 One of the papers suggested that the insertion of nanodots into nanorods could help in reducing the horizontal aggregation of nanorods, resulting in an increased tendency for nanorods to lie perpendicular to the lm and hence improved transport. 140 Another study proposed that the addition of nanodots into nanorods simply lled the gaps between nanorods, improving transport. 141 Although the exact mechanism needs to be further veried, e.g. using electron tomography, it seemed that the blend of nanorods and nanodots indeed improved the efficiency over pure nanodots or pure nanorods. 140, 141 By optimizing the ratio between nanodots and nanorods, a high efficiency of 3.5% could be obtained for the devices based on this nanorod-nanodot blend and PCPDTBT. 141 In addition, it was also demonstrated that increased efficiency could be obtained by simply increasing the NC size. 135, 140, 142 By using acid-treated large NCs (7.1 nm) and PCPDTBT, Krüger and co-workers demonstrated a high efficiency of 3.1%, 140 which was comparable to that based on tetrapods.
18 However, more experiments might be needed to understand the physics behind the efficiency improvement with increasing NC size and further explore the potential of this promising approach.
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In addition to shape engineering, another method to optimize the electron mobility is to engineer ligands on the NC surface. The ligand treatment method discussed in Section 2.4.1 not only helps in enhancing the intimacy between polymers and NCs, enhancing charge separation, but also helps in improving the electron mobility, enhancing charge transport. The short or conductive ligands on the NC surface make the electron transport easier by improving the electric coupling between NCs. For example, Ren et al. demonstrated the effect of EDT treatment on charge transport properties by measuring the J-V curves of electron-only devices. 16 It was found that the devices treated with EDT showed a strong enhancement of electron transport over the untreated ones. Lefrançois et al. investigated the effect of different ligands on charge transport in detail. 143 They measured the J-V curves of CdSe lms treated with a range of different ligands. As shown in Fig. 16 , all the lms aer ligand treatment showed improved charge transport, which was attributed to a decreased interparticle distance aer treatment. The effect of EDT treatment was the most signicant, with an improvement by approximately ve orders of magnitude in conductivity. The authors ascribed this signicant improvement to the short size of the EDT molecule, strong interaction between the thiolate and NCs, as well as relatively easy ligand exchange for aliphatic ligands compared with arylene ones. 143 This experiment was performed on pure NC lms, Fig. 15 Schematic illustration of electron transport in NCs with different shapes. Interparticle hops are illustrated using curved lines, while direct transport is illustrated using straight lines. rather than polymer:NC blend lms. However, it demonstrated the importance of choosing appropriate ligands to optimize the electron transport. Although much attention has been focused on improving the electron transport, in principle, the hole transport is of equal importance. P3HT could form bril structures under certain processing conditions, with good p-p stacking along the bril and improved mobility. 144 Sun and Greenham made use of this, and demonstrated that by using a high boiling point solvent to induce the P3HT bril formation, the P3HT:CdSe device efficiency could be increased by a factor of around 50%. 17 A similar strategy was also employed by Ren et al. to improve the performance of P3HT:CdS devices. 16 2.5.3 Trap investigation. On their way transporting to the electrodes, in addition to recombining with free oppositely charged carriers, the charge carriers could also be trapped. The trap states could be morphological in nature, arising from individual NCs or NC clusters isolated by polymers. With electron tomography, it has been demonstrated that morphological "dead ends" do exist in devices based on nanodots as well as those based on nanorods. 76, 138 Alternatively, the trap states could also be energetic in nature, arising from defects or unpassivated NC surfaces. The trapped charge carriers will serve as recombination sites if they could not escape from the trap states quickly. They could also build up unfavorable space charges in the active layer, affecting the electric eld distribution within the device. Both effects are known to be harmful to the photocurrent. In addition, the trap states could also affect the quasi-Fermi level of NCs, being harmful to the open-circuit voltage. 135 In spite of these detrimental effects of traps on the device performance, the traps in hybrid PVs are less investigated and poorly understood, maybe due to the lack of techniques to quantify the trap effects. In this sub-section, we will discuss some techniques which have been employed to qualitatively investigate the trap effects in hybrid PVs.
Actually, in the original paper by Greenham et al., the effect of traps on the device has been mentioned. 11 They observed that at intensities up to 10 W m À2 , the short-circuit current was approximately linear with the illumination intensity. The linear dependence of current on light intensity is characteristic of recombination at a xed number of recombination sites, consistent with recombination mediated by trap states. Another technique to investigate traps is PIA spectroscopy. In Section 2.3.1, we have discussed PIA as a useful tool to qualitatively examine whether long-lived charge carriers are generated in a system. Actually, PIA could also help in obtaining information on the lifetime distribution and recombination dynamics of these charge carriers by varying the excitation frequency. If lifetimes of charge carriers exceed the inverse of excitation frequency, their absorption will be suppressed in the PIA signal. Using this technique, Ginger and Greenham found that the lifetime of charge carriers spanned a wide range from less than 100 ms to more than several ms for MEH-PPV:CdSe blends. 145 The lifetime exceeding several ms was consistent with the presence of trapped charge carriers, which resulted in slow recombination and long lifetime. Similar wide distribution of lifetimes was also reported for P3:CdSe blends. 87 The authors found that a model for dispersive recombination, which accounted for the effects of traps, had to be employed to t their data. Using the same technique, Heinemann et al. compared the recombination for P3HT:PCBM and P3HT:CdSe blends. They also found that the model for dispersive recombination had to be used for tting the P3HT:CdSe data, while a bimolecular recombination could t the P3HT:PCBM data well. This further conrmed signicant effects of traps on the operation of hybrid PVs. 146 In addition, transient absorption spectroscopy, a technique similar to PIA but extending to short time regimes, was also employed to demonstrate the presence of considerable trap states in hybrid PVs. 135, [147] [148] [149] In addition to PIA spectroscopy, Heinemann et al. used another technique, electron spin resonance (ESR), to further compare the difference between P3HT:PCBM and P3HT:CdSe and demonstrate the effects of traps on hybrid PVs. 146 ESR is a useful technique to detect states with a non-zero spin, such as polarons or triplet excitons. By comparing the ESR signal before and aer light excitation of the sample, it is possible to examine whether successful charge separation occurs in PVs. In addition, by observing the decay of light-induced ESR signals aer switching off the light excitation, it is possible to examine the recombination dynamics of these light-induced charge carriers. As shown in Fig. 17 , aer light excitation, both P3HT:PCBM and P3HT:CdSe samples showed increased ESR signals, indicating successful charge transfer for both cases. For P3HT:PCBM, a rapid decay of the ESR signal was observed upon turning off the light excitation, indicating fast recombination of the generated charge carriers. In contrast, P3HT:CdSe showed complex decay dynamics, which was a superposition of a prompt decay in the subsecond regime and a persistent decay in the hour regime. The fast decay could be explained by bimolecular recombination between free charge carriers. The remaining charge carriers are deeply trapped, resulting in slow recombination and persistent decay.
Recently, Greenham and co-workers used transient photocurrent and photovoltage measurements to investigate the trap effects in hybrid PVs. 135, 150 Transient photocurrent measurements examine how the photocurrent responds to pulsed light illumination, providing useful information on charge transport, recombination and lifetime. Examining the light-intensity dependence of photocurrent response helps in revealing information on non-linear processes such as trapping and detrapping. Similar to PIA and ESR measurements, transient photocurrent measurements focus on long-lived species, suitable for investigating trapping effects. Fig. 18 compares transient photocurrent data for P3HT:PCBM and P3HT:CdSe devices under different light intensities. For P3HT:PCBM devices, fast turn-on and turn-off dynamics were observed under all the intensities investigated (Fig. 18a) , with little change in the shape of curves (Fig. 18b) , which was consistent with a relatively trap-free transport. In contrast, for P3HT:CdSe devices, both turn-on and turn-off dynamics were composed of fast and slow components ( Fig. 18c and d) . The slow components could be explained by the presence of a large amount of trap states. With increasing light intensity, an increasing amount of trap states was lled, which reduced the time to reach the steady state. Further examination of the transient photocurrents at different biases revealed that trapping effects were getting increasingly severe approaching the open-circuit voltage, maybe due to the eld-dependent detrapping rate. The authors also examined the trapping effects using transient photovoltage measurements. Though qualitative, all the above techniques revealed the detrimental effects of traps on the performance of hybrid PVs, particularly by comparing the behaviors between polymer:PCBM and polymer:NC devices. Further investigation is needed to help us further understand the trapping effects and improve the performance of hybrid PVs.
Conclusions and outlook
Although there was a bottleneck for the development of hybrid PVs with the efficiency saturating at $3% for a long time, 31 these two years have witnessed the renaissance of this area. Power conversion efficiency exceeding 4% has been reported. In addition to CdSe, devices based on other NCs, including CdS, CdTe, PbS, TiO 2 , and CuInS 2 , also demonstrated promising efficiencies. These processes are encouraging, particularly considering that much fewer groups are working on polymer:NC blends than polymer:fullerene blends.
Compared with polymer:fullerene devices, the polymer:NC devices seem to be limited by charge transfer and charge transport. In this sense, the ligands on the NC surface play a signicant role in determining the device efficiency, since they affect both charge transfer and charge transport processes. In spite of the recent success in exploring alternative ligands to pyridine, more experiments are needed to understand how these ligands affect the polymer:NC interaction as well as the interaction between NCs. In addition, the effects of ligands on surface traps have to be investigated in more detail, so that recombination through trap states could be minimized.
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Alternative approaches, like direct growth of NCs in a polymer matrix, might also deserve further attention, due to their obvious advantages of bypassing ligand problems and their recent success in fabricating highly efficient devices. Another issue which deserves further attention is the lm morphology, which is also closely related to both charge separation and charge transport. Electron tomography offers a powerful tool to examine different morphologies fabricated from different solvents and different NC shapes. It will be particularly interesting to investigate whether large nanodots are enough to improve the morphology and provide necessary percolation for charges, as suggested by some recent studies.
With the problems related to charge transfer and charge transport solved, it might be possible that polymer:NC blends would outperform polymer:fullerene blends, considering the advantages of NCs, like high dielectric constant and better absorption. As such, now it seems to be an appropriate time to consider the sustainability of hybrid solar cells concerning future large-scale applications. Fortunately, some research groups have started to use earth-abundant and environmentally benign materials (e.g. FeS 2 , Cu 2 S, CuO, Cu 2 ZnSnS 4 , CuInSe 2 , and CuInS 2 ) 21, 66, 152, 153 to replace heavy metal-based NCs. This is of great importance for practical long-term development of this technology.
